or cuttings -seldom figure in basic training courses. Although no book can substitute for hands-on experience and demonstration, this manual aims to address some of these deficiencies.
The book does not offer a set of standard rules that must be invariably followed. It describes practical skills and techniques that, through the experience of many geologists, have been found to be effective. However, it is not the author's intention to be prescriptive; each geologist has to develop their own techniques and will ultimately be judged on results, not the process by which these results were reached. In mineral exploration, the only "right" way of doing anything is the way that locates ore in the quickest and most cost-effective manner. It is preferable, however, for an individual to develop their own method of operation after having tried, and become aware of, those procedures that experience has shown to work well and which are generally accepted in industry as good exploration practice.
New ideas and techniques are constantly emerging and no book such as this can be regarded as being a final statement. To make this a useful document and to keep it up to date and relevant, geologists should use it critically.
The chapters of the book approximately follow the steps that a typical exploration programme would go through. In Chap. 1, the generation of new projects and prospects and the nature of the exploration process are described. In Chaps. 2 and 3 are descriptions of the various techniques employed in making geological maps from remote sensed reflectance imagery, surface outcrop and mine openings. Chapter 4 covers techniques employed by the explorationist to create new rock exposure -trenching, pitting, stripping and underground development. Chapters 5, 6 and 7 (supported by several Appendices) cover all aspects of drilling. These chapters constitute a major part of this book, reflecting the supreme importance of drilling to the explorationist. In Chap. 8 is a detailed description of the remote sensed images provided by Land observation satellites -a modern day boon to explorationists. Although this book is primarily concerned with geological methods, in Chap. 9 a brief overview is given of the more commonly used techniques of exploration geophysics and geochemistry. Finally, Chap. 10 discusses digital exploration data bases and outlines the use of geographical information systems (GIS) and exploration software for the storage, manipulation and presentation of digital exploration and mining data.
This second edition has been greatly expanded from the original 1997 edition to reflect changes that have taken place in exploration methods over last 10 years. Basic geological field techniques still constitute the core skill for the explorationist and are the subject of a significant part of the book. However new technological advances have expanded the range of tools available to her. In diamond drilling, faster and more reliable systems for orienting core have made this procedure almost routine and have led to an increased awareness on the value to be got from quantitative structural logging. Satellite navigation systems have become much more accurate thus expanding the role that GPS can play in providing survey controls for detailed geological mapping, and the collection of geochemical and geophysical data. New, very high resolution, commercial land observation satellites increasingly offer imagery that rival the best of air photography both in resolution and price.
The desk top and laptop computers of today offer an almost exponential increase in processing power, memory capacity and graphics ability which, combined with new powerful software packages and sophisticated instrumentation, have revolutionised traditional geophysical and geochemical techniques.
New software programs available today allow vast amounts of data to be processed and analysed, and this leads to a tendency for the present day explorationist to spend more time in front of a monitor than in the field. Digital data, massaged and presented as multi colour 3-D surfaces can acquire a life of its own, quite divorced from the reality it is supposed to represent. There is an increasing danger that by focussing on data handling the explorationist loses sight of the need for quality data acquisition. The underlying philosophy behind much of this book is that, if geological data is to be of value in finding ore bodies, ideas and insights must be used in a structured way to control all stages of data handling from field collection through to final presentation. In these days of electronic storage and processing of mass data, it is worth remembering the well-known quote 2 :
Data is not information Information is not knowledge Knowledge is not understanding Understanding is not wisdom
The book outlines some geological techniques for acquiring knowledge. The rest is up to the reader.
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Prospecting and the Exploration Process
This chapter attempts to put the detailed exploration procedures outlined in this book into the wider context of the whole exploration process from first concept to ore discovery.
Definition of Terms
Exploration field activities take place as part of a strategy (often called a "play") to locate and define a particular economically mineable mineral commodity (ore) in a mineral province. Large exploration plays are often broken down into individual projects (often a particular tenement 1 group) and each project may contain one or more prospects. A prospect is a restricted volume of ground that is considered to have the possibility of directly hosting an ore body and is usually a named geographical location. The prospect could be outcropping mineralization, an old mine, an area selected on the basis of some geological idea, or perhaps some anomalous feature of the environment (usually a geophysical or geochemical measurement) that can be interpreted as having a close spatial link with ore. Prospects are the basic units with which explorationists work. The explorationist's job is to generate new prospects and then to explore them in order to locate and define any ore body that might lie within them.
Generating New Projects and Prospects
Generating new prospects is the critical first stage in the exploration process and is known as prospecting. Traditionally, prospecting was the search for simple visual surface indications of mineralization. Nowadays the range of surface indications that can be recognized by the explorationist is expanded by the use of sophisticated geophysical and geochemical techniques. However, the skills and abilities involved in successful prospecting are common to all techniques. They involve activity, observation, knowledge, insight, opportunism, persistence, lateral thinking and luck. A description of traditional prospecting skills will therefore serve to illustrate these key attributes of success.
During the nineteenth century, in places like Australia or North America, it was still possible to stumble on a kilometres-long prominent ridge of secondary lead and zinc minerals, or a district where ubiquitous green secondary copper minerals indicated the huge porphyry system beneath. Even as late as the second half of the twentieth century, prominent and extensive mineralized outcrop were still being identified in the more remote parts of the world. Discoveries such as Red Dog in Alaska (Kelley and Jennings, 2004; Koehler and Tikkanen, 1991) , Porgera in Papua New Guinea (Handley and Henry, 1990) and Ertsberg in West Irian (Van Leeuwen, 1994) , belong to this era. Few places are left in the world today which offer such readily identified prizes. For that reason, exploration is increasingly focused on the search for ore bodies that have either subtle outcrop or no outcrop at all.
In spite of this, experience shows that simple prospecting methods can still find ore bodies. Good examples of this are the 1964 discovery of the West Australia nickel sulphide deposits at Kambalda (Gresham, 1991) ; the 1982 discovery of the massive Ladolam Gold Deposit of Lihir Island, Papua New Guinea (Moyle et al., 1990) , the 1993 discovery of the outcropping gossans which overlay the rich Voisey Bay Cu/Ni/Co massive sulphide ore body in Labrador, Canada (Kerr and Ryan, 2000) , the discovery in 1996 of the massive Oyu Tolgoi Cu/Au porphyry in Mongolia (Perello et al., 2001 ) and the discovery of the large Sukari gold deposit in the eastern desert of Egypt 2 (Helmy et al., 2004) .
If recent mineral discoveries are examined, it seems that success has come from three main factors:
1. The explorer searched where no one had searched before. This may be because historical or political opportunity made an area accessible that previously was inaccessible. However, very often the reason for the discovery was simply that no one had previously thought to look in that particular place. 2. The explorer identified and tested subtle or non-typical indications of mineralization that had previously been overlooked, either because they were very small or, more usually, because he recognized as significant some feature that previous observers had seen but dismissed as unimportant. As Dick Sillitoe 3 has recently written (Sillitoe, 2004) :
Careful scrutiny of bedrock outcrops, some perhaps only meters across, is a key part of successful exploration-because it may reveal the subtle distal signatures of concealed mineralisation. Recent experience shows, however, that such detailed traversing, even of the most highly explored terranes, by experienced practitioners can also pinpoint partly outcropping deposits which have simply gone undiscovered because the subtle surface expressions are both invisible from the air and on satellite imagery. The oft quoted notion that all wholly or partly exposed deposits have been found in the world's mature belts is, to my mind, a myth.
3. In areas of known mineralisation ("brownfield" exploration), the explorer employed step-out holes to locate non-outcropping ("blind") mineralisation below cover. This type of exploration can only be successful where geological knowledge gained from the established mines and prospects gives the explorer confidence to embark on extensive (and expensive) drilling programs in areas that lack outstanding surface indications. Examples of successes from this type of exploration are the discovery by Newcrest at Cadia, NSW, Australia of the Ridgeway porphyry Cu/Au deposit below 450 m of overlying sediment (Holiday et al., 1999) and the 2009 discovery of Merlin Cu/Mo/Au prospect by Ivanhoe Australia Ltd. 4
One of the most important ingredients of prospecting success has been lateral thinking. By this is meant the ability to:
• see familiar rocks in new contexts • question all assumptions (but especially one's own 5 ) and accepted wisdom • be alert for small anomalies or aberrations • know when to follow a hunch 6 (since some of the above attributes are as much subconscious as conscious).
Some Ways of Generating New Exploration Ideas
New ideas may come "out of the blue", but more often are the result of certain well-recognized situations that the explorationist is able to combine fruitfully with knowledge that they already have. It pays him to be alert for these situations so as to take advantage of the opportunities that they offer. Here are some of them:
Scenario 1: New knowledge of the geology or geophysics of an area becomes available from new mapping (either your own or Geological Survey maps). Combined with your own understanding of mineralization, the new mapping indicates the possibility of different styles of mineralization being present or different places to look.
Scenario 2:
Elsewhere in a district that you are exploring, a discovery is made which can be used as a new and more relevant model for mineralization than the one that you have been using.
Scenario 3: A visit to other mining camps, maybe even on the other side of the world, provides new insight into your exploration property. The formal description of an ore body in the literature is no substitute for seeing it for yourself -particularly if there is an opportunity to see the discovery outcrop.
Scenario 4: Newly developed exploration technologies and/or methodologies make it possible to explore effectively in an area where earlier prospecting methods were unsuccessful.
Scenario 5: Political changes make available for exploration and mining a part of the world that previously had not been subject to modern methods of exploration.
A Check-List of Negative Assumptions
Sooner or later in most exploration programmes on an area, an impasse is reached in the ability to generate new exploration ideas. At this point, it is always easy to think of many good reasons why the effort should be abandoned. However, before this decision is made, it is worthwhile to critically check through a list of the beliefs that are held about the area. On examination, these beliefs might turn out to be mere assumptions, and the assumptions might be wrong. To assist in this process, here is a check-list of five negative assumptions commonly made by explorationists about the prospectivity of an area.
• The area is not prospective because it is underlain by rock type X.
Comment: How do you know? The geological map you are using might be wrong or insufficiently detailed. In any case, if rock type X is not prospective for your target commodity, perhaps it is prospective for some other commodity.
• The area has already been exhaustively explored.
Comment: An area or prospect can almost never be exhaustively tested. Earlier explorers gave up because they ran out of ideas, time or money. The best any explorationist can ever hope to do is to exhaustively test some idea or model that they have about mineralization using the best tools at their disposal at that time. Generate a new model, develop a new tool or simply find new access to risk capital, and the area may turn out to be under-explored.
• All prospective rocks in the area are pegged (staked) by competitors.
Comment: When was the last check made on the existing tenements plan? Have all the opportunities for joint venture or acquisition been explored? If you have ideas about the ground which the existing tenement holder does not, then you are in a very good position to negotiate a favourable entry. 7
• No existing ore-body model fits the area.
Comment: Mineral deposits may belong to broad classes, but each one is unique: detailed models are usually formulated after an ore body is found. Beware of looking too closely for the last ore body, rather than the next.
• The prospective belt is excluded from exploration by reason of competing land use claims (environmental, native title, etc.).
Comment: This one is tougher; in the regulatory climate of many countries today, the chances are very high that beliefs in this area are not mere assumptions. However, with reason, common sense and preparedness to compromise, patience and negotiation can often achieve much.
Stages in Prospect Exploration
Once a prospect has been identified, and the right to explore it acquired, assessing it involves advancing through a progressive series of definable exploration stages. Positive results in any stage will lead to advance to the next stage and an escalation of the exploration effort. Negative results mean that the prospect will be discarded, sold or joint ventured to another party, or simply put on hold until the acquisition of fresh information/ideas/technology leads to its being reactivated.
Although the great variety of possible prospect types mean that there will be some differences in the exploration process for individual cases, prospect exploration will generally go through the stages listed below.
Target Generation
This includes all exploration on the prospect undertaken prior to the drilling of holes directly targeted on potential ore. The aim of the exploration is to define such targets. The procedures carried out in this stage could include some or all of the following:
• a review of all available information on the prospect, such as government geological mapping and geophysical surveys, the results of previous exploration and the known occurrence of minerals; • preliminary geological interpretations of air photographs and remote sensed imagery; • regional and detailed geological mapping;
• detailed rock-chip and soil sampling for geochemistry;
• regional and detailed geophysical surveys;
• shallow pattern drilling for regolith or bedrock geochemistry;
• drilling aimed at increasing geological knowledge.
Target Drilling
This stage is aimed at achieving an intersection of ore, or potential ore. The testing will usually be by means of carefully targeted diamond or rotary-percussion drill holes, but more rarely trenching, pitting, sinking a shaft or driving an adit may be employed. This is probably the most critical stage of exploration since, depending on its results, decisions involving high costs and potential costs have to be made. If a decision is made that a potential ore body has been located, the costs of exploration will then dramatically escalate, often at the expense of other prospects. If it is decided to write a prospect off after this stage, there is always the possibility that an ore body has been missed.
Resource Evaluation Drilling
This stage provides answers to economic questions relating to the grade, tonnes and mining/metallurgical characteristics of the potential ore body. A good understanding of the nature of the mineralization should already have been achieved -that understanding was probably a big factor in the confidence needed to move to this stage. Providing the data to answer the economic questions requires detailed pattern drilling and sampling. Because this can be such an expensive and time-consuming process, this drilling will often be carried out in two sub-stages with a minor decision point in between: an initial evaluation drilling and a later definition drilling stage. Evaluation and definition drilling provide the detail and confidence levels required to proceed to the final feasibility study.
Feasibility Study
This, the final stage in the process, is a desk-top due-diligence study that assesses all factors -geological, mining, environmental, political, economic -relevant to the decision to mine. With very large projects, the costs involved in evaluation are such that a preliminary feasibility study is often carried out during the preceding resource evaluation stage. The preliminary feasibility study will identify whether the costs involved in exploration are appropriate to the returns that can be expected, as well as identify the nature of the data that must be acquired in order to bring the project to the final feasibility stage.
Maximizing Success in Exploration Programmes
Obviously not all prospects that are generated will make it through to a mine. Most will be discarded at the target generation or target drilling stages. Of the small numbers that survive to evaluation drilling, only a few will reach feasibility stage, and even they may fail at this last hurdle. The total number of prospects that have to be initially generated in order to provide one new mine discovery will vary according to many factors (some of these are discussed below) but will generally be a large number. Some idea of what is involved in locating an ore body can be gained by considering a prospect wastage or exploration curve ( Fig. 1.1 ). This is a graph on which the number of prospects in any given exploration play (the vertical axis) is plotted against the exploration stage reached or against time, which is the same thing (the horizontal axis). The large number of prospects initially generated decline through the exploration stages in an exponential manner indicated by the prospect wastage curve. On Fig. 1 .1, the curve labelled A represents a successful exploration play resulting in an ore body discovery. The curve labelled C represents another successful exploration play, but in this case, although fewer prospects were initially generated, the slope of the line is much less than for play A. It can be deduced that the prospects generated for play C must have been generally of higher quality than the prospects of play A because a higher percentage of them survived the initial exploration stages. The line B is a more typical prospect wastage curve: that of a failed exploration play.
It should be clear from Fig. 1 .1 that there are only two ways to turn an unsuccessful exploration programme into a successful one; the exploration programme either has to get bigger (i.e. increase the starting number of prospects generated) or the explorationist has to get smarter (i.e. decrease the rate of prospect wastage and hence the slope of the exploration curve). There is of course a third way: to get luckier.
Getting bigger does not necessarily mean hiring more explorationists and spending money at a faster rate. Prospects are generated over time, so the injunction to get bigger can also read as "get bigger and/or hang in there longer". There is, however, usually a limit to the number of worthwhile prospects which can be generated in any given exploration programme. The limits are not always (or even normally) in the ideas or anomalies that can be generated by the explorationist, but more often are to be found in the confidence of the explorationist or of those who pay the bills. This factor is often referred to as "project fatigue". Another common limiting factor is the availability of ground for exploration. In the industry, examples are legion of Fig. 1 .1 These curves show how, for any given exploration programme, the number of prospects decreases in an exponential way through the various exploration stages. In a programme based largely on empirical methods of exploration (curve A), a large number of prospects are initially generated; most of these are quickly eliminated. In a largely conceptual exploration program (curve C), a smaller number of prospects are generated, but these will be of a generally higher quality. Most programmes (curve B) will fall somewhere between these two curves groups who explored an area and failed to find the ore body subsequently located there by someone else, because, in spite of good ideas and good exploration programmes, the earlier groups simply gave up too soon. Judging whether to persist with an unsuccessful exploration programme or to cut one's losses and try some other province can be the most difficult decision an explorationist ever has to make. Helping the explorationist to get smarter, at least as far as the geological field aspects of exploration are concerned, is the aim of this book. The smart explorationist will generate the best quality prospects and test them in the most efficient and cost-effective manner. At the same time, she will maintain a balance between generation and testing so as to maintain a continuous flow of directed activity leading to ore discovery. The achievement of a good rollover rate of prospects is a sign of a healthy exploration programme.
Different Types of Exploration Strategy
The exploration curve provides a convenient way of illustrating another aspect of the present day exploration process. Some regional exploration methods involve widespread systematic collection of geophysical or geochemical measurements and typically result in the production of large numbers of anomalies. This is an empirical exploration style. Generally little will be known about any of these anomalies other than the fact of their existence, but any one anomaly could reflect an ore body and must be regarded as a prospect to be followed up with a preliminary assessmentusually a field visit. Relatively few anomalies will survive the initial assessment process. The exploration curve for a programme that makes use of empirical prospect generation will therefore have a very steep slope and look something like the upper curve (A) of Fig. 1.1 .
The opposite type of prospect generation involves applying the theories of oreforming processes to the known geology and mineralization of a region, so as to predict where ore might be found. This is a conceptual exploration approach. Conceptual exploration will generally lead to only a small number of prospects being defined. These are much more likely to be "quality" prospects, in the sense that the chances are higher that any one of these prospects will contain an ore body compared to prospects generated by empirical methods. An exploration play based on conceptual target generation will have a relatively flat exploration curve and will tend to resemble the lower line (curve C) on Fig. 1.1 .
Empirical and conceptual generation and targeting are two end members of a spectrum of exploration techniques, and few actual exploration programmes would be characterized as purely one or the other. Conceptual generation and targeting tends to play a major role where there are high levels of regional geological knowledge and the style of mineralization sought is relatively well understood. Such conditions usually apply in established and well-known mining camps such as (for example) the Kambalda area in the Eastern Goldfields of Western Australia, the Noranda camp in the Canadian Abitibi Province or the Bushveld region of South Africa. Empirical techniques tend to play a greater role in greenfield 8 exploration programmes, where the levels of regional geological knowledge are much lower and applicable mineralisation models less well defined.
Most exploration programmes employ elements of both conceptual and empirical approaches and their exploration curves lie somewhere between the two end member curves shown on Fig. 1.1. 
Exploration Feedbacks
There are many, many times more explorationists than there are orebodies to be found. It is entirely feasible for a competent explorationist to go through a career and never be able to claim sole credit for an economic mineral discovery. It is even possible, for no other reason than sheer bad luck, to never have been part of a team responsible for major new discovery. If the sole criterion for success in an exploration program is ore discovery, then the overwhelming majority of programs are unsuccessful, and most explorationists spend most of their time supervising failure.
But that is too gloomy an assessment. Ore discovery is the ultimate prize and economic justification for what we do, but cannot be the sole basis for measuring the quality of our efforts. The skill and knowledge of the experienced explorationist reduces the element of luck in a discovery, but can never eliminate it. How do we judge when an exploration program was well targeted and did everything right, but missed out through this unknown and uncontrollable factor? How do we know how close we came to success? If successful, what did we do right? And the corollary is this; if we are successful, how do we know it was not merely luck, rather than a just reward for our skills and cleverness? If we cannot answer these questions, it will not be possible to improve our game or repeat our successes.
What is needed is a way to measure the success of an exploration program that is not dependent on actual ore discovery. Probably the best way to judge the success of an exploration program is whether it has been able to define a target from which at least one drill intersection of mineralisation with a potentially economic width and grade has been achieved. This "foot-in-ore" situation may of course have resulted from sheer serendipity rather than from any particular skill on the part of the explorer, but if an explorationist or exploration group can consistently generate prospects which achieve this result, then they must be doing something right. It will only be a matter of time before they find an orebody.
Breaking Occam's Razor
Occam's razor 9 is a well known philosophical principle that has universal application in all fields of problem solving. It states that, given a range of possible solutions, the simplest solution -the one that rests on fewest assumptions -is always to be preferred. For this reason the maxim is often referred to as the principle of economy, or even, with more impact, as the KISS principle (Keep It Simple, Stupid). However, Occam's razor -conjuring up an image of a ruthless slicing away of over complex and uncontrolled ideas -has a certain cachet which the other terms don't quite capture.
All stages of mineral exploration involve making decisions based on inadequate data. To overcome this, assumptions have to be made and hypotheses constructed to guide decision making. Applying Occam's razor is an important guiding principle for this process, and one that every explorationist should apply. This is especially true when selecting areas for exploration, and in all the processes which that entails, such as literature search and regional and semi-regional geological, geochemical and geophysical mapping. However, as the exploration process moves progressively closer to a potential orebody -from region to project to prospect to target drillingthe successful explorationist has to be prepared to abandon the principle of economy. The reason for this is that ore bodies are inherently unlikely objects that are the result of unusual combinations of geological factors. If this were not so, then metals would be cheap and plentiful and you and I would be working in some other profession.
When interpreting the geology of a mineral prospect, the aim is to identify positions where ore bodies might occur and to target them with a drilling program. Almost always, a number of different geological interpretations of the available data are possible. Interpretations that provide a target for drilling should be preferred over interpretations that yield no targets, even although the latter might actually represent a more likely scenario, or better satisfies Occam. However, this is not a licence for interpretation to be driven by mere wish-fulfilment. All interpretations of geology still have to be feasible, that is, it they must satisfy the rules of geology. There still has to be at least some geological evidence or a logically valid reasoning process behind each assumption. If unit A is younger than unit B in one part of an area, it cannot become older in another; beds do not appear or disappear, thicken or thin without some geological explanation; if two faults cross, one must displace the other; faults of varying orientation cannot be simply invented so as to solve each detail of complexity. And so on.
It is relatively easy to find a number of good reasons why a property might not contain an orebody (any fool can do that), but it takes an expert explorationist to find the one good reason why it might.
